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Chapter 1: Introduction 
 
Nanotechnology is fast growing industry. With unique physical, chemical and biological 
properties, size smaller than 100 nm, nanoparticles have been widely used in biomedical and 
pharmaceutical industries (Yang, Wilhelm et al., 2008). Nanoparticles can be used as tool for 
drug or genetic material delivery to target cells or tissues (Tan et al., 2007). Many engineered 
nanomaterials have been researched for potential medical products. Nanoparticles such as 
titanium oxide, zinc oxide, silver are used currently in consumer products.  
Quantum Dots (QDs) fluorescent semiconductor nanocrystal have unique optical properties. 
These properties make them desirable fluorescence tags for cellular imaging applications, which 
require photostability. They were first developed 6 years ago to be used in biological 
applications as florescent probes, and have evolved to become more biocompatible, target 
specific, as well as can be manufactured with different surface chemistry. They have become one 
of the main players in the nanotechnology industry which includes a variety of nanomaterials 
such as nanoparticles, carbon nanotubes,etc. (Koo et al. 2005, Hoet et 2004) Currently the 
nanotechnology economy, which comprises of more than 30% of quantum dot development, is 
predicted to be worth more than $1 trillion by the year 2012 (Hardman 2006, Service 2004). This 
not only increases the production of these materials, but further increases the risk of exposure 
which may lead to systematic toxic effects. Hence it is important to understand the toxic effects 
of these nano-materials and develop screening methods to eliminate or reduce these effects. 
There are over 200 companies worldwide that are dealing with nanotechnology products not only 
in medical applications but also in other fields such as plastics, energy, electronics, and 
aerospace (Nordan et al. 2004, Hood 2004, National Science Foundation 2004).  The term “nano-
scale” comprises of sizes less than 100nm, which was coined in 1974 by Norio Taniguchi.  
Currently in the United States, the material safety data sheets (MSDS) for most 
nanomaterials as well as products containing nanomaterials have no special precautions and 
contain the same restrictions to those of the bulk material. This not only prevents additional 
protective ware for some of these nanomaterials but the risk factor of toxic effects is elevated 
(Colvin 2003, Oberdörster et al. 2005). 
 Nanotechnology is being applied in medical field to assist microscale surgery. Currently, 
there is considerable interest in the use of QDs as biological fluorescent probes since they are 
significantly more advantageous than conventional fluorophores, due to their high 
photoemission, photostability and high resistance to photobleaching. QDs play an important role 
in discovery of biomarkers for cancer. QDs linked to IgG and streptavidin were used to label 
targets of breast cancer biomarker Her2, actin, and nuclear antigen (Wu et al., 2002). More 
recently, peptide and antibodies were conjugated to the QDs, which allowed detection of tumor 
biomarkers (Wang et al., 2010). Because of high percentage of autofluorescence from cells and 
tissues, QDs in near infra red (NIR) have been on high demand. The NIR light has a spectral 
range 700-900 nm, which can avoid the spectral overlap with autofluorescent region of living 
tissues (Aswathy et al., 2010).   
 
Recently, there have been many milestones in successful synthesis of NIR/UV organic and 
aqueous quantum dots, which could be easily conjugated to different biomolecules for imaging 
on cellular as well as tissue level. Although there are many improvements in QDs frontiers, there 
are still a few challenges QDs need to overcome for them to be accepted by medical community 
as a tool for in-vivo imaging. There are many health and toxicity concerns associated with QDs. 
Many systematic studies have been performed on the effects of exposure of different size, 
chemical composition, surface modification, and surface charge nanoparticles on different cell 
types, such as immune cells, fibroblast cells, liver, lung cells and etc.  The animal studies have 
been performed as well following the cell cytotoxicity studies. However, there is still not much 
understanding about the toxicity mechanism of nanoparticles. Due to lack of conclusive results 
from animal studies, which would allow researchers move forward towards human testing, the 
US National Academy of Sciences (NAS) stated that toxicity studies should shift its focus 
towards predictive science, which can utilize useful information about cellular toxicity to guide 
towards in-vivo studies (National Research Council 2007). It is important to understand the 
differences between short and long term toxicity effects, as well as concentration dosage. 
Exposure of abnormally high concentrations, which will not correspond to chronic concentration 
level, could give misleading information about the toxicity results. Similarly, it is misleading 
when low concentration dose is used for toxicity study when the concentration cannot account 
for chronic levels.  
 Although QDs have superior optical properties over other fluorescence dyes and 
fluorescence nanoparticles, the safety of materials is still a concern since most of optically 
suitable core material is cadmium based. Cadmium or lead based particles could have bright 
emission both in ultraviolet and near infra-red regions. However they are highly toxic to 
biological systems. More importantly, the question arose about biocompatibility of these QDs, 
their integration into biological system and their decomposition and biodegradability as 
inorganic materials. The majority of QDs commercially available and in-house synthesized are 
cadmium based, which are acutely and chronically toxic to cells and organisms. Many studies 
had showed that in cells, cadmium could be taken up by calcium channels and more importantly 
accumulate there. Once taken up by cells cadmium could travel to the nucleus and disrupt DNA, 
RNA, and protein synthesis. It has also been reported to break down DNA strands and cause 
mutation in chromosomes. (Hossain et al, 2002). Cadmium had shown to be a carcinogen in 
rodents. There are different speculations around carcinogenicity due to cadmium. Cadmium 
induced carcinogenicity may be due to either direct or indirect cadmium interaction with DNA. 
Indirect contact may be related to oxidative damages of DNA, which increases number of free 
radicals. Direct interaction may involve binding of free cadmium ion to DNA (Waalkes et al., 
1994). Moreover, due to similarity of cadmium and zinc, cadmium could replace zinc in zinc-
containing enzymes. Great number of enzyme involving in DNA activities requires sufficient 
zinc for proper activities (Howard et al., 1991). The toxic materials theoretically are released 
from QDs when its surface is oxidized. Hence, presumably by addition of external protective 
layer or shell to protect QDs from oxidation can decrease the toxic ions release. However, 
successful encapsulation of QD is not a simple task and several studies showed that even 
successful encapsulation resulted in toxicity.  
 Issues on encapsulation have been addressed by many researches. Tremendous amount of 
works have been done on studying different capping molecules and their correlations to toxicity. 
In the study by Hoshino et al., Mercaptoundecanoic acid (MUA, QD-COOH), cysteamine (QD-
NH2) and thioglycerol (QD-OH) (and combinations of these ligands) -capped CdSe/ZnS QDs 
were evaluated for toxicity based on their physicochemical properties. QD-COOH and QD-
COOH/OH have negative surface charge and QD-NH2 and QD-NH2/OH have positive surface 
charge. Results from toxicity testing were inconclusive about effects of surface charge on the 
toxicity and it was concluded that the main toxic effect was due to chemical composition of QDs 
rather than surface charge (Hoshino et al., 2004).  
 Nano size structure of QDs makes it advantageous for use in biological field due to its 
large surface area to volume ratio, which allows spacious surface for antibody conjugation. 
However the small size of nanoparticles could lead to serious toxicity problems. Small size of 
NPs makes it possible for them to be taken up by cells and cellular compartments. The uptake of 
NPs by cells is related to surface modification, surface charge, and its interaction with proteins in 
the surrounding medium. In the study by Yue et al., chitosan NPs were prepared with different 
surface charges and identical chemical composition. The negative, neutral and positive surface 
charge chitosan NPs were incubated with various cells lines. The results showed that surface 
charge highly affect the internalization rate of NPs. Across all cell lines tested negatively charge 
NPs has the highest rate of cell internalization, followed by neutral NPs, and last positively 
charge NPs. The uptake rate constant of NPs with negative surface charge is two folds higher 
than positive surface charge NPs. We may expect similar mechanism for different surface charge 
QD internalization.   
 QDs could be modified to have either positive or negative surface charge. The surface 
charge of QDs would allow it to interact with proteins through electrostatic interactions. It was 
demonstrated that synthetic nona-arginine (SR9) peptides could interact with carboxyl-group on 
QDs and form stable non-covalent bonds. In addition, the internalization of QDs was lower than 
QDs/SR9 complex (Liu et al., 2010). These results suggest that protein absorption on surface of 
NPs could enhance NPs uptake by cells.  It is important to understand that surface interaction of 
proteins with biomaterials is the first step towards understanding possible behavior of 
biomaterial in organisms, triggering biological responses (Gray et al., 2004). Despite many 
studies, the underlying mechanism of protein absorption on inorganic materials is still not well 
known. It is now widely accepted that NPs surface can be modified by absorption of proteins 
once introduced to biological environment. This results in formation of so called “protein 
corona” around NPs surface (Walczyk et al., 2009).  
 The in vitro studies could only explain toxicity of QDs on the molecular and cellular 
level. It is important also to look into the distribution and clearance of QDs on in vivo animal 
models to understand how different materials are cleared out from the system, the rate of 
clearance, and possible NPs accumulation in specific tissue location. This will help engineers to 
design QDs with appropriate surface chemistry and biocompatible core material for use in 
organism. Simple vertebrate zebrafish model have been widely used for toxicological studies of 
various drugs and toxins due to its relevance to human (Spitsbergen et al., 2003).  
 It is important to understand the absorption, distribution, metabolism, and excretion 
(ADME) of QDs in vivo. In cell culture it has been previously reported various routes of QDs 
internalization. Results showed there were differences in QDs accumulation within cells, 
depending on QDs size. The 5 nm QDs showed to be mostly accumulated in cell cytoplasm and 
smaller QDs 2 nm was detected in cell nucleus (Lovric et al. 2005). Although, there have been 
many studies on QDs distribution in various cells, but the cell studies could not suggest the 
similar systematic QDs distribution in the organism. There have not been many in vivo studies 
done on QDs distribution. Few studies showed accumulation of QDs in various tissues of 
rodents.  Specifically, CdSe/ZnS-SSA QDs were detected in mouse lymphoma cells (EL-4), 
which were suggested to have been entered the cells through endocytosis, accumulated in 
different organs: kidney, liver, ling and spleen after 7 days of injection. The spleen showed the 
most number of QDs (Hoshino et al., 2004). Unfortunately, the metabolic processes and 
excretion of QDs in the biological system is still poorly understood.  
In the past decades zebrafish model have been extensively used for developmental 
biology and molecular genetics studies. More recently it had become a valuable tool for 
toxicological studies. Animal models could provide us not only the distribution and clearance 
information of materials but also the critical dosage of materials. Due to ease and low cost of 
maintenance of zebrafish, zebrafish model is appropriate for large scale dose respond toxicity 
screening purposes.  
 There are discrepancies in current literature on toxicity of QDs, which is attributed to: (1) 
the variety in QDs treatment dosage (2) the use of QDs with various physicochemical properties. 
It is challenging to correlate the reported results from the literature because QDs dosage varies in 
unit of measurements, such as, molar concentration based on number of particles, molar 
concentration based on limiting atom, kilogram per body weight, number of QDs per cell and 
etc. In addition, different aspects of physicochemical properties of QDs have been looked at in 
each study are also varied, making the correlation of the results highly challenging.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2: Motivation and Specific Aims 
2.1 Motivation  
In current biological cellular analysis, there is a high demand in using fluorescent probes 
for imaging of cellular compartments and trafficking of molecules. Many organic dyes are used 
to visualize target molecule. However, the experiments in using organic dyes are limited to short-
time assay due to their photobleaching and rapid quenching. Hence, they are not suitable for long 
time bio-imaging applications. Recently, quantum dots have been increasingly used as a 
replacement of organic fluorophores. Quantum Dots (QDs) are photoluminescent 
semiconducting nanocrystals with unique optical properties:  they do not photobleach; they are 
brighter than organic dyes; and they offer the potential of multicolor imaging using the same 
excitation. However, many of the QDs contain toxic elements such Cd, which raises concern 
about the potential toxicity effect of QDs. Most of the QDs studied so far including the 
commercial QDs contain Cd. The toxicity of QDs is highly complicated due to numerous 
possible impacts both from physicochemical properties of QDs and environmental effects. The 
physicochemical properties such as surface modification, surface charge, size, and core material 
would have different effects on toxicity levels. There is a need to have a systematic study of in 
vitro and in vivo toxicity, which can give an understanding about correlation between cellular 
toxicity and animal toxicity.  
 
 
 
 
 
2.2 Specific Aims 
2.2.1 Specific Aim 1: Determine differences in cellular toxicity of MPA ZnSe and MPA 
CdSe with similar capping molecule, surface charge and size but different chemical core 
material. 
 Rationale: Due to complexity of quantum dots toxicity, all parameters such as surface 
modification, surface charge, and size are kept constant to eliminate potential toxicity caused by 
those factors.  The main difference between two QDs being tested is cadmium and zinc. Hence, 
the toxicity results from this study should indicate the toxicity that is only caused by material 
core of QDs. 
 
2.2.2 Specific Aim 2: Determine lethal dose of quantum dots for zebrafish model using 
neuromasts and zebrafish larvae survival rate as toxicity screening tool 
Rationale: The zebrafish model was chosen as in vivo model due to its low cost, ease of 
maintenance, and highly developed nervous and sensory system. The neuromasts on the lateral 
line of zebrafish were chosen as toxicity screening tool because it is considered as the most 
sensitive organ on the zebrafish; hence, it is an ideal indication for early toxicity effects due to 
QDs. 
 
2.2.3 Specific Aim 3: Investigate the aggregation of QDs through the bovine serum 
albumin (BSA) interaction with QDs 
Rationale: From in vitro and in vivo results we observed similar aggregation pattern of ZnSe and 
CdSe QDs. The CdSe aggregates were substantially larger than ZnSe. This might be related to 
the differences in toxicity levels of ZnSe and CdSe. Since albumin is the most abundant proteins 
in cell medium as well as organism, BSA was chosen as the model protein to study potential 
interaction between different QDs and BSA. 
 
2.3 Thesis Objective 
The first goal of the thesis is to investigate the cytoxicity of two quantum dots with similar 
surface capping molecule, surface charge, selenium anion, and size but different core materials 
zinc and cadmium. The second goal is to understand the potential interaction of quantum dots 
with different chemical composition and surface modification with bovine serum album, which 
could help in predicting quantum dot fate in in-vivo model. Lastly, to determine the critical 
dosage concentration of zinc and cadmium quantum dot for zebrafish model. The ultimate goal is 
to develop a systematic toxicological study, which can give us insight about nanomaterial 
toxicity both on molecular cellular level and organism level.   
 
2.2 Study Design 
There three main components of the study:  
(1) In vitro studies to evaluate toxicity level due to QDs with different chemical 
composition  
(2) In vivo studies on zebrafish animal model to determine the critical dosage 
concentration of QDs  
(3) Aggregation studies: investigation of QDs with different chemical core and capping 
molecule interaction with protein 
  
 
 
 
Chapter 3 In-Vitro Cellular Toxicity Studies of Aqueous Quantum 
Dots 
Introduction 
 
Semiconductor nanocrystalline QDs are inorganic nanoparticles that emit light at a 
specific wavelength when excited by light. The excitation is typically in the UV range. The 
wavelength of the emitted photons of QDs, on the other hand, is specific and can be controlled 
by the composition and particle size of QDs. QDs can be used as biological markers to image 
diseases as well as to carry drugs to the exact cell where they are needed by immobilizing 
antibodies on their surface. Detection may be carried out either by locating the QDs or by 
detecting signals emanating from the QDs. For example, fluorescence of antibody-conjugated 
QDs bound to the cancerous tissue in a mouse helped locate the tumor (Seydel et al., 2003) 
However, in vivo imaging of human body has not been possible. This is mainly because of the 
potential toxicity of QDs. There are a whole host of possible toxic effects of nanoparticles 
including size, shape, solubility, chemical elements, etc. Prior studies suggested that the 
cytotoxicity of QDs was dependent on specific surface modification (Gue et al., 2007). Some 
hydrophilic surface coatings contribute to the cytotoxicity of QDs, such as carboxylated 
(COOH), amino (NH2) polyethyleneglycol(PEG)), polyethylenimine (PEI), and etc. In addition, 
cytotoxicity was more pronounced with smaller QDs than with  larger QDs at the same 
concentration (Zhang et al., 2007). Cytotoxicity of QDs was also found to be dose dependent 
(Shiohara et al., 2004). Here we focus our study on the effect of chemical elements of the QDs. 
In particular, we compare the cytotoxicity of ZnSe and CdSe QDs on human osteoblast and 
hepatocyte cells to investigate differences in cell sensitivity to QDs. In addition, we investigate 
the cadmium dissolution from CdSe QDs over time. Cadmium is known to be acutely and 
chronically toxic to cells and living organisms. It could be taken up by cells through calcium 
membrane channels. More importantly they accumulate over time and cause harmful defects to 
cells. Other studies had shown that ion dissolution is caused by oxidation of surface of QDs 
(Anas et al., 2008). QDs also have affinity towards proteins. Various proteins could be absorbed 
on the surface of QDs and form QD-protein complex (Monopoli et al.,2010) 
Experimental Procedure 
Materials 
 
All chemicals for QDs synthesis were purchased from Sigma-Aldrich (St. Louis, MO) 
and Alfa Aesar (Ward Hill, MA) and used as received. Human hepatocyte cells (HepG2) and 
Human Osteoblast cells (HOS) were purchased from ATCC. All cell culture media and 
supplements were purchased from Cellgro (Herndon, VA) and Hyclone (Logan, UT). Disposable 
cell culture supplies were from VWR (West Chester, PA). Acradine Orange (AO), Ethium 
Bromide, Dapi, and 7-ADD were obtained from Invitrogen. 
 
Synthesis and Characterization of Aqueous Quantum Dots 
 
The aqueous synthesis involves the use of capping molecules 3-mercaptoprorionic acid (MPA)). 
The MPA-capped ZnSe QDs with a ratio of MPA:Zn:Se (8:3:1) and MPA-capped CdSe QDs 
with a ratio of MPA:Cd:Se (4:3:1) were synthesized as previously described (Li et al., 2007). All 
the QDs were prepared in deionized water and had a nominal concentration of 1.6 mM based on 
selenium concentration. The precursors ratios were chosen to give optimal photoluminescence 
(PL) intensity. Characterization of PL was performed by using Quantamaster 40 (Photon 
Technology International, Birmingham, NJ)) Immediately before addition to the cell cultures, all 
QDs suspensions were micro-centrifuged (MiniSpin plus, Eppendorf, Westbury, NY) with 10 kD 
filter (Millipore Co., Billerica, MA) and rinsed with DI water for three times to remove the 
excess capping molecules and free ions. After microcentrifugation, the QDs remained in the 
retentate suspension and no precipitation or aggregation was observed. 
 
Cell culture 
 
Human hepatocyte cells (HepG2) and Human osteoblast cells (HOS) used for 
cytotoxicity tests were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10 % ferum bovine serum (FBS), 1 % penicillin, and cultured at 37°C in a humidified 
atmosphere with 5% CO2 and 95% air. All cytotoxicity tests were carried out on cells 
immediately after they reached confluence. Cells cultured under identical conditions except for 
the absence of QDs were considered as controls. Each experiment was repeated 3 times. Where 
applicable, the data were expressed as mean ± standard deviation (SD). One-way ANOVA and 
two-tail t-test were used for statistical data analysis with P < 0.05 considered as statistically 
significant 
 
Cell Viability test 
 
 Three cytotoxicity tests were performed. Trypan Blue (TB) was used to assess the 
integrity of cell membrane (TB gets into cell causing strong absorption at ~605 nm wavelength) 
(Marquis et al 2007) and for counting of live and dead cells. Cellular metabolism was assessed 
by measuring the formazan dyes produced by cellular reduction of methoxyphenyl-tetrazolium 
salt (MTS) as mitochondrial dehydrogenase enzymes cleave the tetrazolium ring which only 
occurs in living cells (Sadik 2009). MTS is a versatile and quick way of assessing cell health. 
Alamar Blue (AB) is another recent technique to assay cellular redox potential. It is reduced to a 
soluble, fluorescent, resorufin with an absorption wavelength 560 nm and emission 590 nm. The 
results of AB test can be correlated with that of MTS. Since QDs absorb and emit light, it is 
important that either the absorption wavelength does not overlap with that of the MTS (~480 nm) 
and AB (560 nm) or the emission wavelength with that of AB (590 nm). 
 
MTS Assay  
Cytotoxicity of QDs was examined with MTS assay kit (Promega,San Francisco, USA). 
HOS and HepG2 cells were grown in T-75 flasks until they reached their confluence. After the 
cells reached the confluence they were seeded into 96 well plates at density 5000 cell/well of 
total volume 100 µL and allowed to attach and grow for 24 hrs. Then the media in each well was 
replaced with complete DMEM containing varying concentrations of QDs: 1 µL, 2 µL, 4 µL, 6 
µL, 8 µL, 10 µL, 20, µL, 30 µL, 40 µL, and 50 µL.  After 24 hrs, 48 hrs, and 72 hrs incubation 
with varying concentration of QDs with HOS cells, 20 µl of MTS was added to each well. After 
the addition of MTS into each well, the 96-well plate was incubated for 4 hours. The absorbance 
readings were taken with Tecan multi-well plate reader at the wavelength of 480 nm. 
 
Alamar Blue Assay 
Cytotoxicity of QD was examined using an Alamar Blue kit (AbD Serotec, Raleigh, NC, 
USA ). Similar to MTS assay HOS and HepG2 cells were grown in T-75 flask until they reached 
confluence and then seeded into 96-well plate. After 24 hrs, 48 hrs, and 72 hrs of incubation with 
varying concentrations of QDs, 10 µL of Alamar Blue (AB) was added into each well. After the 
addition of Alamar blue, the 96-well plate was incubated for 4 hours. The absorbance readings 
were taken with Tecan multi-well plate reader at the wavelength of 560 nm. 
 
Trypan Blue  
HOS and HepG2 cells were seeded in 6-well plate at 5,000 cells per well of total volume 
1 ml. The cells then were incubated for 24 hrs for attachment. After 24 hrs the media was 
replaced with fresh media containing varying concentration of QDs 1 µL, 2 µL, 4 µL, 6 µL, 8 
µL, 10 µL, 20 µL, 30 µL, 40 µL, and 50 µL. The cells were incubated for 72 hrs. The adhering 
cells on the plate were detached by trypsinization with 1 ml of trypsin for 2-3 min. The collected 
cells were stained with Trypan blue and counted in a hemacytometer (Hausser scientific, 
Horsham, PA) under a PhotoZoom inverted microscope (Leica Microsystems Gmbh, Wetzlar, 
Germany).  
 
Microscope examination 
The 5,000 HOS and HepG2 cells were grown on 6 well plate. After 24 hrs, the cell 
medium containing various concentrations of QDs was prepared. The stock QDs solution 1.6 
mM was diluted in cell medium to make a final treatment concentration. The cell medium with 
QDs was added into corresponding wells. After 72 hrs incubation with QDs, all the media was 
removed and the cells were washed with phosphate buffered saline (PBS) three times to remove 
any impurities. The working solution of Acradine Orange (AO) and Ethidium Bromide (EtBr) 
was prepared at ratio 1:1 in DI water. 500 µL of working AO/EtBr   solution was added into each 
well. The plate was then incubated at 37 °C for 10 min. The inverted Leica microscope was used 
to visualize live and dead cells with excitation /emission 500 nm/530 nm for AO and 510 nm/595 
nm for EtBr. 
Results 
 Three different cytotoxicity tests were performed to compare toxicity of MPA-capped 
ZnSe and MPA-capped CdSe quantum dots. The results for Alamar Blue (AB) assay, (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt 
(MTS) assay, and Trypan Blue (TB) assay are shown in Figure 3.1. Varying concentrations of 
quantum dots were used to incubate with human osteoblast (HOS) cells. Note that the 
concentration is expressed in terms of elemental Se content rather than number of QD particles. 
The first thing we notice is that after 72 hrs treatment the ZnSe QDs did not have any significant 
toxicity. On the other hand, cells incubated with CdSe QDs showed a decrease in cell metabolic 
activities as the concentration of CdSe increased. There are some differences in the toxicity 
behavior of CdSe QDs for the three tests at concentrations up to 50 µM. To gain further insight 
into the behavior of CdSe QDs, we compared the metabolic activities of HOS cells incubated 
with CdSe QDs with that incubated with Cd2+ ions in the form of Cd(NO3)2. MTS, AB, and TB 
assay were performed for concentrations of 4 µM, 6 µM, 10 µM, 20 µM, 30 µM, 40 µM, 50 µM. 
The results are shown in Figure 3.1 as well. There are significant differences in the results from 
the three different toxicity tests. For example, as the concentration of CdSe QD and Cd(NO3)2 
increased the metabolic activities decreased more significantly from MTS and AB assays (Fig 
3.1(a),(b)) than from TB assay (Fig.3.1(c)). In particular, for the MTS test, up to 20 µM 
concentration, the CdSe QDs are more 
toxic than the Cd2+ ions. On the other 
hand, at concentrations higher than 30 
µM the Cd(NO3)2 ions are more toxic 
than CdSe QDs. At the highest 
concentration studied, 50 µM, the 
metabolic activities of cells with 
Cd(NO3)2 decreased by 80 %, whereas 
cells with CdSe QDs only decreased by 
42 %.  It is speculated that oxidation of 
CdSe core may cause Cd2+ ions to be 
released. Heavy metal ions can bind to 
sulfohydryl groups of mitochondria 
proteins, leading to cell poisoning 
(Rikans et al., 2000). Since CdSe has 
semiconducting property, the exposure to 
light can produce hydroxyl radicals 
which may damage mitochondria (Tsai 
et al., 2005). Since MTS assay measures 
mitochondria metabolic activities, the 
decrease in mitochondria activities 
measured by MTS could be larger than Figure 3.1. Cell proliferation behavior as a function of 
QD concentration in terms of elemental Se content for 
HOS cell line after 72 hr treatment, for (a) MTS (b) 
AB (c) TB test, respectively. 
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the cell metabolic activities measured by AB assay. 
 
From Trypan blue assay we could determine the number of attached cells because the 
detached cells were washed away with PBS. The TB results showed that there was a decrease in 
the number of attached HOS cells as the concentration of MPA CdSe increased. Meanwhile, 
there was no significant change in cell number for cells treated with MPA ZnSe (Figure 3.1(c)).  
 
  
 
 
 
 
 
 
 
 
 
 
 
The detached cells were counted towards the number of dead cells. The cells that were 
still attached to the plate may contain both live and dead cells. Therefore, to further examine 
cells treated with QDs, we performed live/dead cell staining. As examples, Fig. 3.2 shows 
micrographs of the control (a), the cells incubated with MPA-capped ZnSe QDs, MPA-capped 
CdSe 30 µM 
Control ZnSe 30 µM 
Cd2+ 30 µM 
Figure 3.2. Live/Dead cell staining of HOS cell line. Osteoblast cells were 
incubated for 72 hrs with ZnSe, CdSe, and Cd(NO3)2 and stained with AO/EtBr for 
live and dead cell staining 
CdSe QDs, and Cd2+ ionic solution at 30 µM, respectively. The cells were incubated with QDs 
for 72 hrs and stained with fluorescent dyes. The staining was done on HOS cells with solution 
of Acradine Orange (AO) and Ethidium Bromide (EtBr), which stained live and dead cells. The 
dead cells appear red, the live cells green and apoptotic cells orange in color. As can be seen in 
Fig.3.2, at 30 µM, there are more green stained cells in ZnSe system than that of CdSe and Cd2+ 
ion systems. Meanwhile there are more red stained cells in Cd2+ system than that of CdSe and 
ZnSe systems. All the micrographs in Fig.3.2 are consistent with the data shown in Fig.3.1.  
 
 
 
 
 
 
 
 
The number of cells stained red and the number of detached cells could be counted 
toward the number of dead cells and the number of green stained cells towards live cells. The 
quantitative results of live/dead cell counting are shown in Fig.3.3. From live/dead cell staining, 
we can observe that the ratio of live to dead cells in MPA-CdSe QDs and Cd2+ ionic solution 
decreases more significantly than in MPA-ZnSe QDs as the concentration of QDs increases. 
Although TB results shows decrease 25 % in cell proliferation for cells treated with 50 µM 
MPA-CdSe, out of 75 % remaining attached cells approximately 50 % of cells are registered as 
dead or apoptotic. In contrast, TB results for 50 µM MPA-ZnSe showed no significant change in 
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Figure 3. 3. Quantitative results of live/Dead cell staining. HOS cell line (a) 
MPA ZnSe (b) MPA CdSe 
number of cells and only 12 % of 
attached cells were registered as dead 
or apoptotic. It is important to 
understand that only healthy cells can 
have normal level of metabolic 
activities. This explains why the TB 
test showed less toxicity than MTS 
and AB.   
 
 Similar experiments were 
performed on liver cell- human 
hepatocyte (HepG2). The purpose of 
this experiment is to test the 
sensitivity of different cell lines 
towards QDs. Figure 3.4 shows the 
metabolic activities of HepG2 cells as 
a function of concentrations of QDs 
for MTS and AB assays. Comparing 
the results in Fig.3.1 and Fig.3.4, for 
both HOS and HepG2 cells MPA-
ZnSe QDs maintained metabolic 
activities higher than 80 % for QD 
concentration up to 50 µM. However, 
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Figure 3.4. Cell proliferation behavior as a function of 
QD concentration in terms of elemental Se content for 
HepG2 cell line after 72 hr treatment for (a) MTS test 
(b) AB test, (c) TB test respectively. 
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there are some differences between HOS and HepG2 cells treated with MPA-CdSe and Cd 2+. 
From HOS cells MTS test the lethal dose 10 (LD10) value for MPA-ZnSe, MPA-CdSe and Cd2+ 
were 20 µM, 2 µM, and 12 µM respectively,  
 
 
 
 
 
 
 
 
 
which is similar to MTS results of HepG2. However, at higher concentration greater than 20 µM, 
we can determine that the LD50 value of Cd2+  is 25 µM for HOS versus 50 µM for HepgG2. 
This results shows the HepG2 are more tolerant towards QDs than HOS at higher treatment 
concentrations. We also performed the live/dead cell staining for HepG2 cells and the results are 
shown in Fig.3.5. The results in Fig.3.5 are consistent with that of Fig.3.4. In comparison with 
HOS cells, HepG2 cells are less sensitive to both CdSe QDs and Cd2+. The results suggest that 
HepG2 cells are less sensitive to toxic effects of both CdSe QDs and Cd2+ ions. One possible 
explanation is that HepG2 cell is a liver cell and it is capable of producing metallothionein, a 
metal sequestering protein. This protein can bind to toxic metal ions to form inert complexes 
(Yin et al., 2005).  
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Figure 5. Quantitative results of live/Dead cell staining for HepG2 cell line (a) MPA ZnSe 
(b) MPA CdSe. 
Discussion 
The main finding of the current study 
is that ZnSe QD is less toxic than 
CdSe QD when mixed with two 
different cell lines. The particle size, 
surface chemistry, and concentration 
of two QDs are all similar. The main 
difference is the element Zn and Cd in 
the two QDs. Since the element Cd is 
more toxic to biological system than 
Zn, we examined the dissolution of Cd 
in the culture medium alone and 
culture medium with cells. We 
measured the Cd ion concentration 
using Measure-iT™ Lead and 
Cadmium Assay Kit (Invitrogen, CA, 
USA). The standard curve for Cd2+ 1-
4200 nM was prepared. After 24 hrs 
and 72 hrs incubation of QDs with 
cells, the cell medium was collected 
from culture plates. 1 ml of cell 
medium was transferred to 10 kDa 
filter centrifuge tube and centrifuge at 
Figure 3.6. MPA CdSe QDs: Cd2+ ion 
dissolution over time. MPA CdSe QDs are 
incubated for 10 min, 24 hrs, 72 hrs in (a) 
DMEM media (b) HOS cells (c) HepG2 cells 
20 30 40 50 60 70 80 90 100 110
0
200
400
600
800
1000
1200
1400
1600
C
d2
+  C
on
ce
nt
ra
tio
n 
(n
M
) 
(b)
20 30 40 50 60 70 80 90 100 110
0
200
400
600
800
1000
1200
1400
1600
1800
C
d2
+ 
C
on
ce
nt
ra
tio
n 
(n
M
)
(a)
20 30 40 50 60 70 80 90 100 110
0
200
400
600
800
1000
1200
1400
1600
C
d2
+  c
on
ce
nt
ra
tio
n 
(n
M
)
QDs Concentration (µM)
 post 72 hrs
 post 24 hrs
 post 10 min
(c)
12 rpm for 2 min to separate Cd2+ from the remaining substances in the cell medium. The filtrate  
was then collected and 20 µL was transferred into 48 well plate. 200 µM of working solution 
from the kit was added into each well and the fluorescence was measured with Tecan at 
excitation/emission 490 nm/ 520 nm. The results of Cd ion dissolution in culture medium and 
medium with cells are shown in 
Fig.3.6. We didn’t observe much 
difference in ion dissolution pattern 
of QDs incubated with HOS or 
HepG2. For all the relevant QD 
concentrations, the concentration of 
dissolved Cd2+ ions were in the nM 
range which is much lower than the 
µM range that is required for 
toxicity. Therefore, the dissolution of 
Cd is not the major contributor of the 
toxicity that we observed. There is 
another origin of the toxicity.  
 
Looking for a possible origin 
of toxicity, we examined the 
aggregation behavior of QDs in 
culture medium. The MPA-ZnSe, 
MPA-CdSe, Zn(NO3)2 , and Figure3.7. Size distribution of QDs and cations in DMEM culture medium. (a) DLS size measurements of 
Cd(NO3)2, Zn(NO3)2 in culture medium and culture 
medium itself. (b) MPA ZnSe vs. MPA CdSe in culture 
medium after 10 min and 72 hr incubation. 
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Cd(NO3)2 were incubated in cell medium and the size of the aggregate formed was measured at 
10 min and 72 hrs with dynamic light scattering (DLS). Previous studies had shown absorption 
of proteins on surface of both hydrophilic and hydrophobic nanoparticles (NPs). When proteins 
are absorbed on the surface of NPs, there is a formation of so called “protein corona” around NP 
and the results showed an increase in size of the protein-NP complex (Monopoli et al., 2011). 
Since there is some dissolution of ions from QDs, we need to ensure that ions themselves when 
interact with proteins do not cause aggregation of proteins. Therefore, first, to eliminate 
possibility of Zn 2+ and Cd 2+ to bind to proteins in cell medium, we incubated zinc and cadmium 
nitrate precursors with cell medium and measured size of potential formed complex.  From 
figure 3.7(a) we found that ions did not bind to proteins in cell media and did not form 
aggregates. Figure 3.7(b) shows the results of size measurement after 10 min and 72 hrs of QDs 
in cell medium. The results showed that there were more aggregation in the CdSe QDs 
suspension than in the ZnSe QD suspension. We speculate that proteins in the culture medium 
might have been absorbed on the surface of MPA-CdSe, causing aggregation of QDs. Many 
proteins, which function as enzyme need to retain their secondary structure to catalyze metabolic 
activities in cells (Tsai et al., 2011). Hence, introducing QD into cell culture system would (1) 
add competition for binding sites of enzyme and (2) once bound to protein, QD alter protein 
conformation resulting in defect in its function. This might be one of the causes of higher 
cytoxicity of MPA-CdSe than MPA-ZnSe.  
In summary, we demonstrated that the chemical elemental composition of QD could 
result in different cytotoxicity. The experiment was set up with similar size, capping molecule, 
route of synthesis similar and only elemental composition zinc and cadmium were different. The 
results showed that MPA-CdSe was more toxic to the cell proliferation than MPA-ZnSe both in 
HOS and HepG2 cell lines.  Particle size analysis showed that CdSe QDs aggregated to a larger 
size than ZnSe. In the future, we plan to conduct more studies to understand the interaction of 
QD and protein and correlate that to the degree of toxicity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 Zebrafish Larvae toxicity study of MPS-ZnSe versus 
MPS-CdSe quantum dots 
1.1 Introduction  
Fluorescence quantum dots (QDs) are an emerging powerful imaging nanotechnology that 
has many advantages over previously used fluorescence fluorophores. They can provide different 
emission wavelength which can provide multicolor biological probes for cellular imaging for in-
vivo model, such as zebrafish model (Rieger et al., 2005).  
Toxicological studies of various drugs, chemicals, and nanoparticles have been challenged by 
the complexity of toxicity mechanism and the difficulty in extrapolating in-vitro studies results 
to in-vivo toxicity. Zebrafish (Daniorerio) animal model have been used extensively for toxicity 
due to its low cost, ease of maintenance, as well as highly developed  nervous and sensory 
system. During early development zebrafish has distinguishing neuromasts sensory cells present 
on the lateral line, which function as the mechanosensory system. Hence, the lateral line of 
zebrafish could serve as screening tool for toxicology of foreign substances, such as quantum 
dots.  The neuromast has supporting cells, which would surround the mechanosensory hair cells. 
The hair cells of zebrafish have been shown to be sensitive to different chemicals and heavy 
metals.  For example, aminoglycoside antibiotics had been shown to affect hearing problems in 
patients. Similar results have been shown to cause defects in neuromasts in the lateral line of 
zebrafish (Owens et al., 2008). The heavy metal ions such as cadmium and zinc toxicity have 
also been studied. Cadmium is known to be toxic and doesn’t have any physiological function in 
the organism. On the other hand, zinc serve as an essential micronutrient for most organisms, but 
can causes toxicity at high concentrations (Rüdiger et al., 2010).The toxicity mechanism of ions 
on lateral line neuromasts is still not completely known. Some studies had shown that ions such 
as cadmium or copper could block calcium channels located on the surface of hairs cells and 
preventing calcium cations to be transported (Karlsen et al., 1997). In our study we look at 
toxicity levels of MPS-ZnSe, MPS-CdSe quantum dots and zinc and cadmium ions. The 
neuromasts and survival rate of zebrafish larvae 10-12 day post fertilization were studied. In 
addition, the physiochemical characteristics of quantum dots wereanalyzed after incubation with 
zebrafish.  
1.2 Methods and Materials 
1.2.1 Zebrafish Maintenance 
A breeding colony of AB wild-type strain of zebrafish embryos (Daniorerio) was purchased from 
ZIRC. The embryos purchased from ZIRC were 24 hrs post fertilization age. The embryos were 
then transferred into Petri dish with embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, and 0.33 mM MgSO4 and grown in incubator at 28 °C for 3 days and the fresh media was 
changed every day. After 3 days the zebrafish larvae were transferred into small cages connected 
with water filtration system. The fish water in the cages was checked every 24 hrs and the pH 
and nitrate level were adjusted with basic buffer and by draining out and replacing cages with 
fresh water. The larvae fish were raised till there was 10 days post fertilization (dpf) and were 
ready for toxicity study.  
 1.2.2 Zebrafish Larvae Exposure to Quantum Dots and Metal Ions 
Ten of Zebrafish larvaes 10 dpf were transferred into each well of 6 well plates. MPS-ZnSe, 
MPS-CdSe, Zn 2+ in form of ZnCl2, and Cd2+ in form of CdCl2 were added into each 
corresponding well with zebrafish to make a final concentration in the embryo medium 50, 100, 
150, and 150 µM. The samples then were checked for viability post 24 and 48 hrs treatment with 
QDs and metal ions. 
 1.2.3 Zebrafish Lateral Line Neuromast Cell Staining and Morphological 
Microscopic observation  
After 48 hrs incubation of zebrafish larvae with QDs and metal ions, the zebrafish larvae were 
transferred to small Petri dish with embryo media and two drops of tricane was added into 
solution to anesthetize zebrafish larvae. To stain live hair cells of neuromast on lateral line of 
zebrafish we added (2-(4-(dimethylamino)styryl) -N-ethylpyridinium iodide) (DASPEI) 
(Invitrogen, CA, USA) dye solution (40 mg/mL) into petridish and incubated at 28 °C for 10 
min. Zebrafish was then transferred to double bridge glass slides for microscopic observations. 
Leica fluorescence microscope MZ 16F using filter with excitation/emission 460 nm/550 nm to 
visualize DASPEI labeled live hair cells on neuromast. The number of live hair cells on each 
zebrafish larvae was counted and the average number was estimated for each experimental 
group. In addition, the morphological changes of zebrafish embryos were also evaluated with 
microscope.  
 1.2.4 Zebrafish Lethal Dose 
After 24 hrs and 48 hrs treatment of zebrafish with QDs and metal ions, the number of live and 
dead larvae were recorded and evaluated against control, which only have zebrafish embryo in 
embryo media. The LD10 and LD50 values were obtained to compare among different treatment 
substances. 
  
 
 
1.2.5 Quantum Dots Evaluation after Treatment with Zebrafish Larvae 
After 48 hrs incubation of zebrafish larvae with QDs, the embryo medium containing remaining 
QDs was collected for analysis. The samples were evaluated with dynamic light scattering (DLS) 
for size and zeta potential changes.   
 
1.3 Results and Discussion  
1.3.1 Damages of Hair Cell on Neuromast due to Exposure to QDs and 
Metal Ions 
In zebrafish, the lateral line with neuromasts develops during the early larval stages. 
Neuromast are considered the most sensitive organ of zebrafish because it is located on the 
surface of the larvae and come in direct contact with the environment (Ghysen et al., 2004). 
Neuromast consist of a layer of supporting cells, which surrounds the mechanosensory hair cells. 
These hair cells have similar characteristics with hair cells found inside human ear (Nishikawa et 
al., 1996). Studies had showed that hair cells in neuromast are very vulnerable when exposed to 
antibiotics and some other similar drugs. In addition, exposure of several metals such as copper 
had shown defects in neuromasts development as well as decrease in regeneration capabilities of 
neuromasts (Herna´ndez et al., 2005). In our experiment we aim to differentiate the toxicity level 
among MPS-ZnSe, MPS-CdSe Zn2+ and Cd2+ ions. Previous studies have shown the potential 
toxicity to hair cells by the metal ions disrupting normal cell activities. Metals such as cadmium 
was shown to block the ion channel activities, hence, interfering with normal ion exchange in 
zebrafish (Griesinger et al., 2002). 
In our study, after 48 hrs incubation of zebrafish larvae with MPS-ZnSe, MPS-CdSe, Zn 2+ 
and Cd 2+ ions, the zebrafish were stained for live hair cells with DASPEI. The average number  
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure .4.1 Zebrafish neuromast cells and larvae observation. (a)-(i) are the live neuromast cells stained with DASPEI. 
(j)-(n) are the morphological changes of zebrafish larvae when exposed to 50, 100 µM QDs and chloride precursors. 
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Figure4.2. Live neuromast hair cells. The samples were treated 
with 50, 100, 150, and 200 µM QDs and zinc and cadmium 
chloride precursors 
  
 
 
 
 
 of live hair cells were recorded and showed in figure 4.2. The representative fluorescence 
images of hair cells stained with DASPEI are shown in Figure 4.2. The representative 
fluorescence images of hair cells stained with DASPEI are shown in Figure 4.1 (a-i). From the 
images of hair cells we can observe that the Cd2+ ions affected neuromasts the most and Zn2+ 
ions the least. MPS-ZnSe is also less toxic to neuromasts than MPS-CdSe. More quantitative 
analysis is shown in Figure 4.2. The percent of live cells for each experimental was calculated 
based on the number of live hair cells in the control sample. The lethal dose (LD 50) values of 
four treatment group are shown in table 4.1. LD 50 value of MPS-ZnSe is twice higher than that 
of MPS-CdSe. However, the LD 10 value of MPS-ZnSe is only higher than MPS-CdSe by 20 %. 
This suggests that at higher concentrations, greater than 25 µM, there is more hair cell viability 
progressively lost when treated with MPS-CdSe than MPS-ZnSe. CdCl2 showed slightly more 
toxic effects on hair cell viability than CdSe QDs. On the other hand, ZnCl2 did not seem to 
affect hair cell viability much. Furthermore, the morphological changes of zebrafish larvae were 
observed post 48 hrs treatment, Figure 4.1 (j-n). MPS ZnSe and ZnCl2 did not show any 
significant changes in the larvae comparing to the control. However, larvae incubated with CdSe 
showed slight curvature in the spine and with CdCl2 showed an extreme spine curvature.  
 
 Post 48 hrs 
Treatment sample LD 10 
(µM) 
LD 50 
(µM) 
ZnCl2 38 > 200 
ZnSe 12 78 
CdSe 10 48 
CdCl2 6 37.5 
Table 4.1. Lethal Dose 10 and Lethal Dose 50 
of four treatment groups after 48 hrs 
incubation period 
  
 
 
 
 
 
After the hair cells on neuromast were evaluated, the number of survived larvae after 24 and 48 
hrs treatment was recorded in Figure 4.3 and table 4.2 summarized the results. From these results 
we can observe both concentration and time of treatment effects on toxicity. The trend still 
remains similar to neuromasts toxicity results. The ZnCl2 is least toxic to zebrafish survival 
followed by ZnSe, CdSe, and most toxic CdCl2. As expected, the neuromasts as most sensitive 
 Post 24 hrs Post 48 hrs 
Treatment 
 sample 
LD 10 
(µM) 
LD 50 
(µM) 
LD 10 
(µM) 
LD 50 
(µM) 
MPS CdSe 105 130 51 125 
MPS ZnSe 125 200 51 175 
CdCl2 5 26 5 26 
ZnCl2 >200 >200 >200 150 
Figure 4.3. Lethal Dose. Zebrafish larvae 10-12 dpf were treated with 50, 100, 150, and 200 µM of MPS QDs and zinc and 
cadmium chloride precursors. The sample size n =10 (a) LD 10 and LD 50 values post 24 hrs treatment (b) post 48 hrs 
treatment  
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Table 4.2. Lethal Dose. LD 10 and LD 50 values post 24 
and post 48 hrs treatments with QDs and chloride 
precursors  
organ on the zebrafish would show more toxicity than zebrafish larvae survival rate. The LD 10 
of MPS-CdSe post 48 hrs is 105and 51 µM respectively. The LD10 of MPS-CdSe decreased 
twice when the treatment time increased. This may be due to longer exposure time (1) would 
increase the potential number of CdSe been absorbed by zebrafish, (2) increase the Cd 2+  
dissolution from CdSe, (3) the waste production from zebrafish may change the integrity of  
CdSe. We will discuss later in the paper the changes in QDs integrity exposed to zebrafish.  
Toxicity of MPS-ZnSe and MPS-CdSe are relatively similar at lower concentration, less than 
100 µM. We can observe more distinct difference at higher dose. This is similar to neuromasts 
results; however the changing point for the neuromasts toxicity is lower than that for the survival 
rate. Our results only showed the short time effects of MPS-CdSe QDs. Further long term 
toxicity effects of QDs on zebrafish larvae need to be done in the future.  
 After 48 hrs treatment of zebrafish with QDs and metal ions, the embryo media from 
treatment groups was collected for further analysis. The size distribution and zeta potential were 
measured and the results are shown in Figure 4.4. Figure 4.4(a) shows the zeta potential 
measurements of MPS ZnSe versus MPS CdSe samples in embryo media after 48 hrs incubation 
with zebrafish larvae. As the concentration of MPS-CdSe in embryo media increases, the zeta 
potential became more negative from -6 mV to -15.4 mV. In addition, the size of MPS-CdSe 
measured with DLS also increases with the concentration from 105 nm to 531 nm. Similar 
results have been reported by Tang et al for negatively charged nanoparticles. The zeta potential 
became more negative with increasing size. 
 
 
 
  
In contrast, MPS-ZnSe zeta potential doesn’t change as drastically as MPS-CdSe. The zeta 
potential of ZnSe remained in the narrow range of -20 mV to -25 mV. Figure 4.4(d) shows the 
differences in sizes of QDs as the concentration increases. The MPS-CdSe increases up to 550 
nm, which is almost twice the size of MPS-ZnSe at 200 µM concentration. This is potentially 
Figure 4.4 Characterization of MPS ZnSe and CdSe QDs. After 48 hrs treatment the samples were collected and 
analyzed. (a) zeta potential of ZnSe vs. CdSe (b) DLS size measurement of ZnSe samples (c)DLS size measurement of 
CdSe samples (d) comparison of hydrodynamic size of ZnSe vs. CdSe 
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due to waste production from zebrafish embryos, which changed the pH of the embryo media 
solution with QDs. The pH of the embryo media with QDs at time zero was 7.4 ± 0.2 and after 
48 hrs incubation the pH decreased to 6.8 ± 0.2. This pH change might have affected the 
physicochemical characteristics of MPS-CdSe and MPS-ZnSe. There is a possibility of 
heterogeneous aggregation of QDs due to the decrease in pH, resulting in larger MPS-CdSe 
aggregates than MPS-ZnSe. In the previous study on aggregate’s size effects on cell toxicity it 
was shown that smaller particles taken up by cell, which did not aggregate inside cells caused 
less toxicity than particles which tended to aggregate more inside cells (Cui et al., 2011).   This 
might explain the higher toxicity from CdSe than ZnSe QDs. However, the results we obtained 
from the size of aggregates are formed outside the zebrafish. We can only speculate that the 
pattern of aggregates inside and outside zebrafish would be similar. In addition, regarding to the 
nanoparticles that might have been taken up by cells, there is also reported toxicity due to 
aggregate toxicity related to the surface contact of NP with cells.  
 To further investigate the toxicity of the two different QDs, we looked closer at 
microscopic examinations of QDs distribution in zebrafish larvae. The MPS-CdSe and MPS-
ZnSe QDs were observed with filters with excitation and emission wavelength 450nm/600nm 
and 345/long pass, respectively. The pictures of QDs location in zebrafish are shown in Figure 
4.5. It is difficult to visualize MPS-ZnSe due to significant amount of autofluorescence signal at 
excitation 345 nm. Figure 4.5(a) is the control and (b)-(e) are zebrafish larvae incubated with 50-
200 µM of MPS-ZnSe. The signal from the control and MPS-ZnSe QDs look similar and it is 
difficult to differentiate in (b)-(e), which signal is from autofluorescence and which is from ZnSe 
QDs. On the other hand, there was less interference under 450nm/600 nm microscope filter, 
hence the signal of MPS-CdSe QDs can be distinctively visualized (f)-(i).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. QDs fluorescence microscope visualization. (a) control (b)-(e) 
MPS-ZnSe (f)-(i) MPS-CdSe  
 
 From fluorescence images we can observe an increase in CdSe signal in muscular tissue of 
zebrafish tail as the concentration of treatment dose of QDs increases. This suggests that more 
CdSe had been taken by zebrafish at higher treatment concentration. The possible mechanism of 
CdSe absorption by zebrafish is through osmosis. We do not have direct evidence of QDs 
transport route into muscular tissue of zebrafish. In future studies, we will analyze the possible 
routes of QDs going into zebrafish and correlate that to toxicity mechanism of different QDs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 Bovine Serum Albumin Interaction with Quantum Dots 
1.1 Introduction 
Proteins are abundant in biological systems and play a vital role in maintaining homeostasis. 
The functions of most proteins depend on its three dimensional structure which is controlled  by 
various interaction including covalent bonding, hydrogen bonding, electrostatic interactions, Van 
der Waals interactions, and hydrophilic/hydrophobic interactions. The conformation of proteins 
could be altered when they are bound by or in close proximity to foreign materials such as 
quantum dots. The study of surface interaction of proteins and biomaterials is the first step 
toward successful introduction of biomaterials into organism. In addition, the interaction of 
biomaterials and proteins could result in adverse effects, which can cause toxicity. Hence it is 
important to understand the mechanism of biomaterial interaction with proteins, the potential 
sites of the interaction and adverse effects of biomaterials on protein functionality (Polym et al., 
2005). This would help us design appropriate biomaterials with compatible chemical 
composition and surface modification.  
QDs are a promising imaging modality, which could be used for real time imaging purposes. 
However, so far researchers are still not able to fully understand the potential toxicity and 
toxicity mechanism of QDs. Once QDs are introduced into blood circulation there are many 
different proteins are present, which could have different affinity towards QDs (Hellstrand et al., 
2009). Those proteins would compete for the limited surface area of QDs, resulting in different 
combination of protein/QD complexes. For the present study we focus on the interaction of 
albumin and QDs since albumin is the most abundant protein in serum.  
Serum albumin is the most abundant proteins (~80 %), which can be found in circulatory 
system of an organism. The normal level of albumin in blood circulation is approximately 40 
mg/mL (0.6 mM) (Peters et al., 1996). In our experiment we use bovine serum albumin (BSA) 
since it is similar to human serum albumin (HSA) (approximately 76 % similarity) and more 
readily available (He et al., 1992). The interaction of BSA and QDs was first studied using 
fluorescence spectroscopy. BSA has fluorescence amino acids tyrosin and tryptophan which can 
be easily detected with fluorescence spectrometer. The QDs we used in our study are MPA and 
MPS-capped CdSe and ZnSe, which have excitation and emission wavelength (450 nm, 600 nm) 
and (360 nm, 450 nm) respectively. It has been previously shown that the QDs can act as a 
quencher of BSA (Khani et al., 2010). In addition, BSA fluorescence changes due to introduction 
of quencher can reveal the binding mechanism of BSA and QDs (Dilson et al., 2004). In the 
second part of the experiment we look at electrostatic interaction of biomaterial and proteins. 
Due to surface charge of QDs it could form electrostatic interaction with polar domains of BSA. 
Proteins absorbed on the surface of QDs can form a protein corona and its composition and 
thickness may vary depending on the surface modification and chemical composition of QDs 
(Monopoli et al., 2011). We examined the electrostatic interaction and the formation of protein 
corona using zeta potential and dynamic light scattering (DLS). Lastly, we look into BSA 
conformational changes due to its interaction with QDs. Fourier transform infrared spectroscopy 
(FT-IR) was used to determine conformational changes of BSA bound to QD. Specifically, we 
focused on the secondary structure of BSA such as the changes in the number of α-helices and β-
sheets.  
 
 
 
 
1.2 Method and Materials 
Chemical and Materials 
Selenium powder (99%), zinc chloride, cadmium chloride, bovine serum albumin were 
purchased from Sigma-Aldrich (St. Louis, MO, USA) 
Synthesis of Quantum dot 
The MPA-capped ZnSe QDs with a ratio of MPA:Zn:Se (8:3:1) and MPA- capped CdSe QDs 
with a ratio of MPA:Cd:Se (4:3:1) were synthesized as previously described (Li et al., 2007). 
The MPS-capped ZnSe were obtained by replacement of MPA-capped ZnSe QDs with MPS 
capping molecule. The obtained MPS-capped ZnSe ratio is 1:3:1 and the obtained MPS-capped 
CdSe QDs ratio is 1:3:1 also. All the QDs were prepared in deionized water and had a nominal 
concentration of 1.6 mM based on selenium concentration. The precursors’ ratios were chosen 
based on the optimal ratio which gives highest photoluminescence intensity. Characterization of 
QDs was performed by using PTI QM-4/2005.  
 Fluorescence Spectroscopy evaluation of Bovine Serum Albumin/Quantum Dots 
interaction 
In the first part of the experiment the concentration of BSA was kept constant for all 
samples- 10 µM. Various amount of MPA and MPS capped QDs were added to the 10 µM BSA 
solution to make the following final concentration of QDs – 4, 8, 16, 32, 64, 128, 192, 210, 240, 
300, 350, 400, 450, 500, 525, 550, 600, 650, 700, 750, 800, 900 and 1000 µM. The fluorescent 
spectra of BSA was evaluated using PTI QM-4/2005 at excitation 280 nm and 290 nm 
wavelength, corresponding to the fluorescence signal from amino acid tyrosine and tryptophan 
respectively. In the second part of the experiment the concentration of QDs was kept constant 
and the following concentration of BSA was added to each sample – 1.5, 3, 6, 12, 15, 30 µM. 
The fluorescent spectra of MPA and MPS ZnSe were evaluated at excitation 375 nm, emission 
460 nm and MPA and MPS CdSe at excitation 450 nm and emission 600 nm.  
 Electrostatic interaction between QDs and BSA 
The electrostatic interaction between QDs and BSA was evaluated with DLS. The samples with 
constant QDs concentration and varying BSA concentrations were used in this part of the 
experiment and zeta potential values were recorded.  
 BSA conformation changes 
The secondary structure of BSA was studied with Fourier transform infrared spectroscopy (FT-
IR). The FT-IR spectra of BSA alone, QDs alone and QD-BSA complex were recorded in the 
range 1500-1700 cm-1 with three scans averaged for each spectrum. The corresponding 
background of DI water was subtracted from sample measurements.  
1.3  Results and Discussion 
Quenching of BSA by QDs at tyrosine and tryptophan amino acids 
The QDs have the large surface-to-volume ratio which makes it advantageous over other 
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Figure 5.1. Emission spectrum of BSA (a) quenched with MPA ZnSe (b) quenched with MPA CdSe 
materials used in the medical field. The surface properties of the QDs would control its stability, 
functionality and solubility. All of these properties play an important role in biomedical 
applications. Depending on the different chemical composition and surface modification of QDs, 
the interaction of them with proteins would vary. In addition, surface interaction of QDs with 
proteins is significant in predicting its success in integrating into host tissue without disturbing 
other biological function in the host.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fluorescence spectroscopy is one of the efficient and highly sensitive techniques in 
evaluating the interaction of nanoparticles with proteins. BSA has fluorescence amino acid 
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Figure 5.2.  Fluorescence spectroscopy analysis of 
interaction of QDs and BSA (a) 10 µM solution of BSA 
titrated with various QDs, the change in fluorescence 
intensity plotted versus increasing concentration of 
QDs-quencher. The experimental data were fitted using 
Kd and n value. (b) Dissociation constants of QDs, MPS 
MPS QDs have higher Kd value than MPA QDs (c) 
binding constant of QDs, both MPS and MPA CdSe 
QDs has higher binding constant than ZnSe QDs 
tryptophan and tyrosin, which are sensitive to its environment, and hence are suitable for 
monitoring of binding affinity of QDs with BSA. In this part of the experiment we used 
fluorescence properties of BSA to study its interaction with QDs. The aqueous solution of BSA 
10 µM was titrated with increasing concentration of MPA and MPS CdSe, ZnSe QDs from 0-
1000 µM. A progressive decrease in BSA fluorescence intensity could be observed as the 
concentration of QDs (quencher) increases. Concentration of QDs was increased until the 
saturation point was reached, where the fluorescence intensity did not decreased significantly 
with additional amount of QDs. The fluorescence intensity of BSA was measured at excitation 
280 nm and 290 nm in the absence of quencher QDs and the average was taken and denoted as 
F0 while in the presence of QDs at any concentration is denoted as F.  The emission spectrum of 
BSA is shown in Figure 5.1. As the concentration of quencher QD increased the emission 
intensity of BSA decreased. The fluorescence quenching of BSA by QDs was evaluated using 
the first part of Michaelis–Menten kinetics theory. 
 [BSA] + [QD]  [BSA-QD] 
 
To determine the binding constant of various QDs to BSA, we plotted (F0-F)/F0 versus 
concentration of QDs. The Figure 5.2 illustrates the correlation between changes in fluorescence 
intensity as the concentration of quencher increases. From Figure 5.2 we can determine the 
dissociation constant Kd. Kd is defined as the concentration at which BSA intensity is quenched 
at half-maximum. The binding constant Ka then could be determined by taking an inverse of 
dissociation constant. The results showed that the binding constant of MPA CdSe is higher than 
MPA ZnSe by two folds and MPS QDs didn’t vary much from MPA QDs. The number of 
binding sites n of BSA was determined by fitting of the experimental data from figure 5.2. The 
number of binding sites were consistent for BSA for all four cases confirming constant number 
of binding sites available for QDs possible interaction.  
 
Electrostatic Interactions of BSA and QDs 
 
 
 
 
 
Schematic 5.1. Electrostatic Interaction of QD and BSA. As the concentration of BSA increases 
there are more BSA bound to surface QDs. The binding affinity depends on type of QD and its 
surface. QD has overall negative charge and could interact with positively charged amino acids 
sites of BSA. (a) depending on QDs surface and chemical composition it can have different degree 
of change on BSA conformation (b) QD can alter globular BSA conformation and make less 
packed increasing the overall size of QD-BSA complex 
Once proteins absorbed on the surface of QDs there is a formation of so called “protein 
corona” around it. The thickness of protein corona formed depends on QD’s shape, surface 
charge, and solubility. The surface curvature of QDs would affect the affinity of protein 
absorption. In this part of the experiment we investigate the potential electrostatic interaction 
between QDs and BSA. MPA and MPS QDs have negative charge overall and BSA has 
positively charge amino acid, hence, the positively charged amino acid sites of BSA could be 
potential sites for negatively charge QDs to interact with. The QD-BSA complex has been 
investigated with dynamic light scattering (DLS) and zeta-potential as the function of ratio of 
BSA to QDs. The aqueous solution of QDs 6.5 µM was titrated with increasing concentration of 
BSA. Figure 5.3, shows that as the concentration of BSA increases the size of the QD-BSA 
complex also increases until it reaches its saturation point, where there are no more binding sites 
available. The results are consistence with zeta potential measurements. The MPA and MPS QDs 
in absence of BSA, at ph 7.2 have zeta potential - 40±2.1 and - 38±1.9   respectively. As BSA 
was added into QDs solution the zeta potential of complex become less negative until it reaches 
its saturation point. To understand the potential cause of change in zeta potential, we conduct an 
experiment to understand BSA behavior in different pH. Figure 5.3c shows the zeta potential of 
BSA as a function of pH. From this result we can observe that zeta potential of BSA at pH 7.2 is 
slightly negative -3.2±1.1.  
 Based on our prediction BSA would be absorbed on QD surface and form protein corona 
around QD, which would cover the negative charge on QD and expose less negative charge of 
BSA. Since the zeta potential measures the surface charge of the nanoparticles and in our case 
QD-BSA complex, the more BSA absorbed on QD surface the more the zeta potential of QD-
BSA complex approaches the zeta potential of BSA at pH 7.2.  From Figure 5.3a, MPA and 
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Figure 5.3.  Electrostatic Interaction of QD and BSA. (a) 
size of QD-BSA complex as a function BSA concentration 
(b) zeta potential measurements of QD-BSA complex as a 
function of BSA concentration (c) BSA characteristics as a 
function of pH 
MPS ZnSe have lower zeta potential than MPA and MPS CdSe samples, which is consistencet 
with our previous fluorescence spectroscopy results, which showed that the binding affinity of 
CdSe QDs to BSA is almost twice higher than of ZnSe QDs.  
 
BSA Conformational Change Due to Interaction with QDs 
 Protein conformational changes are directly related to its characteristics such as function 
as transport and enzyme molecules, assembly to higher order of conformation, tendency to 
aggregate, and potential toxicity. There are possibilities of protein misfolding related to chemical 
bonding or electrostatic interaction of proteins with nanoparticles such as QDs. The misfolding 
of proteins may lead to protein-mediated diseases. In this part of the study we use FT-IR 
spectroscopy as a tool to study the secondary structure of proteins. The quantitative analysis of 
the secondary structure of BSA can be obtained by analyzing the amide I (1600-1700 cm-1) 
region, which corresponds to carbonyl stretching vibration of the peptide backbone. The 
vibration of peptide backbone depends on the hydrogen bonds strength and interactions of amide 
units (Pal et., 2009). Amide II (1500-1600 cm-1) region corresponds to C-N stretch coupled with 
N-H bending. Both Amide I and Amide II are related to secondary structure of BSA. However, 
Amide I is more sensitive to change in BSA conformation (Jianniao et al., 2009). 
Aqueous solution of 1 mM BSA was titrated with increasing concentration of QDs (0.5-
1.6 mM). Figure 5.4 shows the FT-IR spec of BSA in the absence of QDs and presence of 
various concentrations of QDs. There is a decreased in peak heights in both Amide I (1658 cm-1) 
and Amide II (1549 cm-1) regions. The area under curve of each peak was integrated. The ratio of 
integrated area of BSA in absence of QDs and presence of QDs was calculated to estimate the 
percent change of α-helices and β-sheets content in BSA. The percentage of α-helices and β- 
 Figure 5.4. FT-IR of MPA/MPS ZnSe and CdSe QDs interaction with BSA. (a) and (b) MPA ZnSe and CdSe QDs and 
BSA FT-IR spec (c) and (d) MPS ZnSe and CdSe and BSA FT-IR (e) and (f) α-helices and β-sheets % respectively as a 
function of concentration of QDs     
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sheets are showed in figure 5.4e, 5.4f respectively. From the results we can conclude that the 
interaction of QDs with BSA causes changes in secondary structure of BSA, possibly at C=O 
peptide backbone region, hence the possibility of hydrogen bonding formation between QD and 
BSA. The α-helices content decreases more in MPA CdSe-BSA complex than in any other 
complexes.  These results are consistent with our previous fluorescence spectroscopy results, 
where we show stronger binding affinity to MPA CdSe than MPA ZnSe, MPS ZnSe, and MPS 
CdSe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6 Summary and Future Work 
1. In-vitro studies: 
• Size, surface modification, surface charge of MPA ZnSe and CdSe were similar 
and the only difference is core material zinc and cadmium 
• The results showed that MPA CdSe is more toxic than MPA ZnSe  
• The cadmium ion dissolution is not sufficient to be the cause of cytotoxicity (< 2 
µM dissolution) since Cd2+ ions are less toxic than CdSe QDs at concentration<20 
µM. 
• There is aggregation of QDs in cell media: MPA CdSe aggregate after 72 hrs 
incubation with average size of 60 nm compared to 10 nm of  MPA ZnSe  
 
 
 
 
 
2. In-vivo studies: 
• The neuromast toxicity on zebrafish has similar trend as survival rate of zebrafish: 
Zn2+ is least toxic, followed by ZnSe, CdSe and most toxic Cd2+ 
• The  physicochemical analysis of QDs collected after mixing with zebrafish medium 
showed differences between CdSe and ZnSe: (1) aggregate size, CdSe aggregate size 
twice larger than twice of ZnSe aggregate, (2) zeta potential of CdSe QD became 
treatment 
HOS (µM) HepG2 (µM) 
MTS AB TB MTS AB TB 
ZnSe 50 50 50 50 50 50 
CdSe 6 1 4 10 10 5 
Cd(NO3)2 12 5 4 15 5 5 
Table 1. Summary of in-vitro studies LD 10 values  
more negative while that of ZnSe QD remained the same indicating CdSe likely 
formed larger aggregates   
• The CdSe up-take by zebrafish increased as the exposure concentration increased. On 
the other hand,   
it is difficult to analyze ZnSe absorption due to autofluorescence of zebrafish  
 
 
 
 
 
 
 
3. Protein and Quantum Dots Interactions: 
• The binding constant of BSA to MPA-capped QDs is smaller than that with MPS-capped 
QDs 
• There is electrostatic interaction between QDs and BSA 
•  The DLS and zeta potential results are consistent with BSA binding to the surface of 
QDs 
• The size of QD-BSA complex increases with increasing BSA concentration 
- MPA-CdSe has largest complex ~ 16 nm, which is consistent with binding  
constant of results showing MPA-CdSe has the highest binding constant  
•  Protein conformation shows that BSA was mostly affected by MPA-CdSe QDs 
 
  Neuromasts  Survival 
rate  
Treatment LD 10 LD 10 
 sample  (µM)  (µM)  
MPS CdSe  10 51 
MPS ZnSe  12 51 
CdCl2  6 5 
Table 2. In-vivo studies summary LD 10 values 
  
 
Future work:  
1. In vitro studies improvements: 
1. Replacement of static cell culture with dynamic flow cell culture 
The cytotoxicity studies were performed on two cell line under static conditions. To 
improve the study design, the flow system could be introduced into cell culture to better mimic 
the in vivo environment.  In chapter 3 the toxicity studies of ZnSe and CdSe was investigated. In 
the experiment various concentrations of QDs were added to HOS and HepG2 cell lines. There is 
a possibility of sedimentation of QDs on the surface of the cells, which could cause toxicity on 
its own. Therefore, it is difficult to differentiate if the toxicity is: 
(1) Due to physicochemical properties of QDs 
(2) Sedimentation of QDs on cells: shear stress cause by sedimentation of QDs on the 
 Size Zeta potential 
MPS ZnSe 8.721 -14.4 
MPA ZnSe 9.23 -18.8 
MPS CdSe 11.7 -12.5 
MPA CdSe 15.9 -14.6 
 Ka (µM) Kd (M-1) 
MPA CdSe 40 25000 
MPS CdSe 70 14285.71429 
MPA ZnSe 130 7692.307692 
MPS ZnSe 220 4545.454545 
cells 
 
2. Toxicity study on immune cells 
The toxicity studies were performed on ‘regular’ or non-immune cells, which would have 
different responses than immune cells. The toxicity of QDs could be performed on the following 
cells: 
1,   Lymphocytes 
2. Macrophages  
3. T-cells 
4. B-cells 
 
3. Quantification of QDs internalization 
There is a need to differentiate the QDs interacting with cells on the outside and inside of 
cells. The QDs bound to the cell membrane could cause different degree of toxicity than QDs 
inside cells, which are interacting with cellular compartments and might be involved in cellular 
metabolic activities. The confocal microscopy could be used to quantify the QDs internalization 
to cells after incubation with cell medium containing QDs. Furthermore, to ensure the toxicity 
effects due to QDs inside the cell the microinjection of QDs could be performed.  
4. Protein analysis of cells  
After incubation of QDs with cells, the cells could be lysed with lysis buffer. The 
samples then could be collected for examination with mass spectrometer. The protein contents of 
treated cells could be compared to the control to see if there are any differences in the protein 
number and integrity.  
5. Reactive Oxygen species 
There is a potential ROS production, which can cause cytotoxicity. To determine cellular 
ROS production fluorinated 2’,7’-dichlorofluoresceindiacetate (H2DFFDA) could be used. 
H2DFFDA can passively diffuse through plasma membrane of cells and remains colorless until 
the acetate groups are cleaved by intracellular esterases and this would give out a fluorescence 
signal, which can be measured with fluorescence spectrometer and the ROS production could be 
estimated.  
 
 
 
2. In vivo studies improvements: 
1. Long term toxicity study: 
Chapter 4 results show short term toxicity effects of QDs and ions on neuromasts and 
zebrafish larvae survival. It is also important to understand the long term effects of QDs on 
zebrafish development and survival rate.  
2. Regeneration Studies: 
The neuromast hair cells have regeneration capabilities, which we have not looked into in 
this experiment. The regeneration efficiency of zebrafish after exposure to QDs and ions is 
another toxicity criteria need to be studied. 
 
3. QDs and protein interaction studies improvements: 
Chapter 5 discusses the binding affinity of QDs with BSA, the results shows that CdSe 
have higher binding affinity to BSA than ZnSe. Moreover, there is a difference between QDs 
with different surface chemistry: MPA QDs have higher binding affinity than MPS QDs.  
1. Study of surface chemistry of QDs: 
There is a difference in the synthesis of MPA ZnSe and MPA CdSe. The optimal ratio 
that was use for synthesis of MPA ZnSe and MPA CdSe were 8:3:1 and 4:3:1 respectively. From 
synthesis results shows the differences in affinity binding of Zn and Cd ions to MPA. Less MPA 
is needed to form MPA CdSe than ZnSe.  The FT-IR and Inductively coupled plasma mass 
spectrometry (ICP-MS) could be used to study the surface chemistry of QDs and MPA-ion 
interaction.      
2. Study the efficiency of MPS replacement 
Using FT-IR the success of MPA replacement with MPS could be determined. The 
ratio of MPS to MPA molecule on the surface could explain the differences in binding 
between MPS and MPA QDs. From chapter 5 results MPA QDs have higher binding 
affinity than MPS QDs, which would suggest that MPA molecule have greater affinity to 
BSA than MPS. Therefore, quantification of MPS to MPA ratio for ZnSe and CdSe could 
potentially explain the differences in the binding to BSA.  
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 APPENDIX  
Schematic of Protein Quantum Dots Interaction: formation of “hard” and “soft” protein 
corona 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
The binding affinity of QDs to proteins depends on the surface capping molecule as well 
as its chemical core material, which have been demonstrated earlier in chapter 5 results. 
Different binding affinity showed formation of different aggregation pattern of QDs and BSA. 
Proteins could be absorbed on the surface of the NPs and form a protein corona around it, 
however, the protein corona could be either “hard” or “soft” corona. The “hard” protein corona is 
defined by strong affinity between NP and protein. In the “soft” corona the weekly bound 
protein-QD would split out. In our case there are more QDs than BSA, hence, several QDs can 
bind to protein but following the similar concept we could understand the differences between 
MPS and MPA ZnSe, CdSe QDs interaction with proteins.  
 
 
 
 
In the second part of the chapter 5 experiment, the number of QDs was less than number 
of BSA molecules. Here, the proteins could be absorbed on the surface of QDs and depending on 
the number of binding sites on QDs and binding affinity of QD to BSA there would be different 
heterogeneous aggregation observed. Based on our results, the binding affinity to BSA of ZnSe 
is lower than of CdSe, hence we would expect less binding and smaller size of aggregates, which 
is consistent with our aggregate size results.  
 
 
 
 
